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Background: Ultraviolet (UV) light causes genetic instability, suggesting chromosome fragmentation.
Results:UV light induces chromosomal fragmentation, which is independent of excision of UV lesions but requires replication
forks, homologous strand exchange, and Holliday junction resolution.
Conclusion: Fragmentation is a result of replication fork reversal and breakage.
Significance: Breakage is the first step in rescuing stalled replication forks.

Ultraviolet (UV) irradiation is not known to induce chromo-
somal fragmentation in sublethal doses, and yet UV irradiation
causes genetic instability and cancer, suggesting that chromo-
somes are fragmented. Here we show that UV irradiation
induces fragmentation in sublethal doses, but the broken chro-
mosomes are repaired or degraded by RecBCD; therefore, to
observe full fragmentation, RecBCD enzyme needs to be inacti-
vated. Using quantitative pulsed field gel electrophoresis and
sensitive DNA synthesis measurements, we investigated the
mechanisms ofUV radiation-induced chromosomal fragmenta-
tion in recBC mutants, comparing five existing models of DNA
damage-induced fragmentation. We found that fragmentation
depends on active DNA synthesis before, but not after, UV irra-
diation. At low UV irradiation doses, fragmentation does not
need excision repair or daughter strand gap repair. Fragmenta-
tion absolutely depends on both RecA-catalyzed homologous
strand exchange and RuvABC-catalyzed Holliday junction res-
olution. Thus, chromosomes fragment when replication forks
stall at UV lesions and regress, generating Holliday junctions.
Remarkably, cells specifically utilize fork breakage to rescue
stalled replication and avoid lethality.

UV radiation-induced DNA damage causes genetic instabil-
ity in bacteria (1, 2), lower eukaryotes (3, 4), and higher
eukaryotes (5, 6) and is the leading cause of skin cancer in
humans (7, 8). However, themechanisms linkingUV radiation-
inducedDNA lesions to genetic instability are unclear. UV irra-
diation causes formation of pyrimidine dimers in DNA, but
these lesions are efficiently mended by nucleotide excision
repair, represented in Escherichia coli by the UvrABC excinu-
clease (9). At the same time, UV irradiation also inhibits DNA
replication, which resumes after a lag period (10–12). Encoun-

ters of replication forkswith unrepaired pyrimidine dimers lead
to several complex phenomena, explained by a variety of mod-
els, that include replication fork inhibition (13–15), formation
of daughter strand gaps (16, 17), and double strand breaks (18–
20). However, the current consensus on the processing and
restart of stalled replication forks (12, 21, 22) does not explain
UV radiation-induced genetic instability, leaving our under-
standing of UV damage processing incomplete.
Chromosomal fragmentation kills cells of any type if the dou-

ble strand breaks are not repaired (23–25). Repair of frag-
mented chromosomes induces genetic instability (26–28). In
fact, by the magnitude of these effects, chromosomal fragmen-
tation is the most consequential of all DNA lesions and an
important contributor to cancerous transformation (29, 30).
Endogenous chromosomal fragmentation is caused by a variety
of mechanisms (31, 32), including contamination of the DNA
precursor pools (33, 34) and malfunctioning of the replisome
(35, 36), but whether exogenous one-strand DNA lesions, like
those induced by UV irradiation, cause chromosomal fragmen-
tation in biologically relevant (sublethal) doses is still not settled
(12, 18, 21, 37, 38).
We hypothesized that sublethal UV irradiation doses trigger

genetic instability by inducing chromosomal fragmentation,
which avoided previous detection in wild type cells (18, 19)
because of efficient double strand break repair or linear DNA
degradation. Through our interest in low level spontaneous
chromosomal fragmentation induced by endogenous DNA
damage and following the lead of Michel et al. (39), we devel-
oped a sensitive technique based on pulsed field gel electropho-
resis to detect and quantify chromosomal fragmentation in
E. coli (31, 40). Use of recBC mutants allows us to block the
recombinational repair of double strand breaks on the one hand
and linear DNA degradation on the other, thus dramatically
increasing the sensitivity of our measurements. When we used
our sensitive assay tomeasure chromosome instability in E. coli
after UV irradiation, we found highly fragmented chromo-
somes. Genetic analysis of this fragmentation in combination
with the sensitive measurements of the DNA synthesis rate
ruled out all the current models of DNA damage-induced frag-
mentation except the one in which stalled replication forks
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actively regress to form Holliday junctions, which are then
resolved to break the forks.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—The
E. coli strains (all derivatives of K12) used in this study are
described in supplemental Table S1. All strains were grown in
LB (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl/liter of
broth, pH to 7.4 with 250 �l of 4 M NaOH; LB agar contained
15 g of agar/liter of LB broth) at 28 °C unless stated otherwise.
When required, antibiotics were added to the following final
concentrations: ampicillin, 100 �g/ml; spectinomycin, 100
�g/ml; kanamycin, 50�g/ml; chloramphenicol, 10 or 30�g/ml;
and tetracycline, 10 �g/ml. Alleles were moved among the
strains by P1 transduction as described (41). Various mutants
were confirmed by Southern hybridization, polymerase chain
reaction (PCR), or functional analysis. The pGB-ruvABC1 plas-
mid is pGB2 expressing ruvABC� genes (B. Michel). The pGB-
ruvAB plasmid is a derivative of pGB-ruvABC1 from which we
deleted the ruvC gene, so the plasmid harbors only the ruvAB�

genes.
Chromosomal Fragmentation—In our protocol, quantifica-

tion of chromosomal fragments is facilitated by 32P labeling of
DNA; other 32P-labeled species, such as RNA, polyphosphates,
LPS, and phospholipids are removed either during plug prepa-
ration or during the electrophoretic run (42). The amount of
32P label that we use is not enough to affect the viability of even
the most DNA damage-sensitive mutants, like uvrA recA dou-
ble mutants. To radiolabel the chromosomal DNA, the over-
night-grown cultures were diluted to an initial A600 of 0.03–
0.05 in fresh LB medium (with antibiotics when required)
containing 2–4 �Ci/ml [32P]orthophosphoric acid (MP Bio-
chemicals) and grown aerobically at 28 °C. Once the cultures
reached anA600 of 0.3–0.4, the suspensions were transferred to
sterile polypropylene centrifuge tubes, and cells were harvested
at 6,000 rpm in a Sorvall RC 5B centrifuge (4,000� g) operating
at room temperature. The cell pellets were suspended in vol-
umes of sterile 1%NaCl containing 0.01%TritonX-100 (Sigma)
to yield an absorbance of approximately 0.600. The irradiation
was performed at 28 °C in a dark room under yellow lamps
(F15T8-GO, General Electric) to avoid photoreactivation. The
labeled cells (in a volume of 1.5 ml) were spread in a thin, uni-
form layer (�0.25 mm) on the back surface of a sterile 100
mm � 15 mm polystyrene Petri plate with a ridge (Fisher Sci-
entific), transferred to a Hoefer UVC 500 UV cross-linker, and
irradiated with the indicated UV irradiation dosages. Following
irradiation, the cultures from the plate were collected in sterile
glass tubes and processed as required. In experiments requiring
large culture volumes, multiple plates were irradiated, and the
UV radiation-treated cells were pooled together before proc-
essing. The general processing involved diluting the irradiated
cells 1:1 with a sterile no-salt 2� LB solution and growing them
in the dark for various periods of time at 28, 37, or 42 °C as
described in various experiments. After UV irradiation treat-
ments and incubations, the cells were collected and made into
agarose plugs as described below.
Pulsed Field Gel Electrophoresis—The optical densities of the

cultures were normalized to 0.350 with sterile LB, and cells

from 1.5ml of cultures were harvested tomake plugs for pulsed
field gel electrophoresis. The cell pellets were resuspended in 1
ml of sterile TE buffer (25 mM Tris-HCl, 1 mM EDTA, pH 7.4),
and cells were repelleted and resuspended in 60�l of TE buffer.
Tomake the agarose plugs, 5 �l of 5mg/ml proteinase K (Invit-
rogen or Roche Applied Science; final concentration in plugs,
200 �g/ml) and 65 �l of molten agarose in lysis buffer (1.2%
agarose in 1% lauroylsarcosine, 50mMTris-HCl, 25mM EDTA,
pH 8.0) were mixed with the cells, and the suspensions were
transferred to plug molds (Bio-Rad). The solidified agarose
plugs were submerged in 1ml of the lysis buffer (1% lauroylsar-
cosine, 50 mM Tris-HCl, 25 mM EDTA, pH 8.0) and incubated
overnight at 60 °C. The plugs were loaded onto a 1% agarose gel
in 0.5% Tris borate-EDTA buffer and electrophoresed at 12 °C
in a Bio-RadCHEF-DRII pulsed field gel electrophoresis system
operating at 6 V/cm for 24–26 h with initial and final switch
times of 60 and 120 s, respectively. Following the electrophore-
sis, the gel was dried under a vacuum, exposed to a phospho-
rimaging screen and scanned by an FLA-3000 series fluorescent
image analyzer (FujiFilm). The data were processed using
Image Gauge version 3.41 software (FujiFilm). The percentage
of chromosomal fragmentation was calculated as the signal in
the lane below the well divided by the combined signal of the
lane plus the well and multiplied by 100.
Quantitative UV Irradiation Sensitivity—Strains were

grown, processed, and exposed to various doses of UV irradia-
tion essentially as described for the chromosomal fragmenta-
tion assay with the exception that the cultures were not radio-
actively labeled. Following UV irradiation treatments, samples
of exposed cultures were serially diluted into 1% sterile NaCl
and spotted by 5 �l on LB agar. The plates were incubated at
37 °C for 12 h, and colonies were counted under a stereomicro-
scope while still small.
Rate of DNA Synthesis—Tomeasure the rate of DNA synthe-

sis, the strains were grown in LB medium at the indicated tem-
peratures with or without treatments as detailed under
“Results.” At appropriate times, 200 �l of the culture to be
tested was mixed with an equal volume of prewarmed LB con-
taining 1 �Ci of [methyl-3H]thymidine (MP Biomedicals) and
0.4 �g of thymine. The reaction was incubated at 37 °C for
either 1 or 5min (depending on the experiment) afterwhich the
incorporation of thymidine was stopped by the addition of 5ml
of freshly made ice-cold 5% trichloroacetic acid (TCA). The
TCA-killed cells were kept on ice and filtered through a 1.6-�m
glass fiber filter (Fisher Scientific) using a vacuum manifold.
The filters were sequentially washed with 5 ml each of 5% TCA
and ethanol and allowed to dry on a stack of paper towels. On
each dried filter, 100 �l of 100 mM KOHwas spotted to quench
fluorescence, and the filters were redried and transferred to
scintillations vials. The filters were incubated with scintillation
mixture in the dark for 18 h, and incorporation of thymidine
was counted in an LS 6500 multipurpose scintillation counter
(Beckman Coulter).

RESULTS

UV Irradiation Induces Chromosomal Fragmentation—Some
models of UV irradiation damage processing in E. coli envision
no chromosomal fragmentation (12, 16, 21, 22), and indeed,

UV Radiation-induced Chromosomal Fragmentation

FEBRUARY 24, 2012 • VOLUME 287 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6251

http://www.jbc.org/cgi/content/full/M111.322990/DC1


when we treated wild type E. coli with 36 J/m2 UV irradiation,
the dose that under our conditions kills about 85% of wild type
cells, we detected no fragmentation even after 2 h of incubation
in growth medium (Fig. 1, A, B, and E). However, when we
blocked the repair and degradation of double strand ends with
the recBC defect, we found that the same dose of UV irradiation
(36 J/m2) followed by identical growth conditions fragments up
to 30% of the chromosomal DNA (Fig. 1, A and B), suggesting
that the low levels of fragmentation in thewild type cells are due
to the efficient repair of double strand breaks and to linearDNA
degradation, the two processes catalyzed by the RecBCD
enzyme (43), and that RecBCD needs to be saturated to reveal
fragmentation. Indeed, fragmentation in the wild type cells
starts right after 40 J/m2 and continues rising through 100 J/m2

(Fig. 1, C and D); at these doses of DNA damage, the cells
become RecBCD� phenocopies due to titration of this limited
enzyme by DNA damage (44–46).
Linear DNA degradation by RecBCD enzyme could also pre-

vent formation of double strand breaks by degrading the double
strand ends generated by reversed replication forks (36, 47).

This reasoning predicts that if degradation alone is compro-
mised by the recD mutation (48) then chromosomal fragmen-
tation after UV irradiation will be elevated even at low UV irra-
diation doses as in recBC mutants. However, the recD mutant
shows an essentially wild type shape of dose dependence of UV
radiation-induced chromosomal fragmentation, its slightly ele-
vated background levels perhaps reflecting the linearDNAdeg-
radation defect of the recD mutant (Fig. 1, C and D). Thus,
the increased fragmentation in the recBC mutant reflects the
inability to repair and degrade linear DNA rather that the
inability to prevent formation of double strand breaks. The UV
irradiation survival curves for the wild type and the recBC
mutant strains were as expected (Fig. 1E), the decreased titer of
the recBCmutant illustrating the importance of double strand
break repair for survival of UV-irradiated cells. The recBC
mutants also showed a major defect in resumption of DNA
synthesis after UV irradiation (Fig. 1F), illustrating another
important aspect of double strand break repair. We conclude
that UV light induces chromosomal fragmentation in E. coli,
but this fragmentation is eliminated by efficient double strand

FIGURE 1. UV radiation-induced chromosomal fragmentation. A, a representative pulsed field gel showing chromosomal fragmentation after no UV
irradiation versus 36 J/m2 UV irradiation with subsequent 2 h of shaking in the growth medium at 37 °C. Strains are as follows: wild type, AB1157; recBC(Ts),
SK129; uvrA recBC(Ts), SRK301. B, quantification of UV radiation-induced chromosomal fragmentation in wild type (AB1157), recBC(Ts) (SK129), and uvrA
recBC(Ts) (SRK301) strains after 2 h of post-UV irradiation incubation in the growth medium. In this and in all subsequent quantifications, the values are means
of at least three independent measurements (four on average) done on different days �S.E. C, a representative pulsed field gel of the dose response of
chromosomal fragmentation in wild type (AB1157) and recD mutant (AK3) cells. D, quantification of the dose response of chromosomal fragmentation in wild
type and the recD mutant cells from five to 10 independent measurements like that in C �S.E. E, the UV irradiation survival curves of the three strains. F, the DNA
synthesis rates in the three strains. Incorporation was for 1 min. Filled symbols, irradiated cells; open symbols, unirradiated controls.
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break processing/repair. The models of UV irradiation damage
processing that avoid chromosomal fragmentation are incon-
sistent with this result.
Five Models—Five distinct models of DNA damage-induced

chromosomal fragmentation are potentially applicable to UV
radiation-induced fragmentation (Fig. 2A). Historically, the
first idea was the “clustered excision model” (17, 18) according
to which simultaneous excision of two UV lesions in opposite
strands leads to a double strand break (Fig. 2A, path 1). A con-

ceptually related idea is the “daughter strand gap instability”
model (20, 49) according to which double strand breaks form
when the lesion that caused the formation of the daughter
strand gap is eventually removed by excision from ssDNA2 (Fig.
2A, path 2). The third is the “replication fork breakage” model
(36, 50, 51) (Fig. 2A, path 3) that envisions a replication fork

2 The abbreviation used is: ss, single-stranded.

FIGURE 2. UV radiation-induced chromosomal fragmentation models and its dependence on DNA replication. A, possible models of UV radiation-
induced chromosomal fragmentation. UV radiation-induced lesions are shown as filled circles in one strand of DNA duplexes. UV, ultraviolet light; NER,
nucleotide excision repair; RF, replication fork. Path 1, A3 E3 I3M, the clustered excision model: simultaneous excision of two UV lesions in opposite strands
leads to a double strand break. Path 2, A3 F3 J3N, the daughter strand gap instability model. Path 3, A3 F3G3 K3 L3H, the replication fork breakage
model. Stalling occurs at or past the lesion (F or G) with subsequent replication fork regression (K), breakage via Holliday junction resolution (K3 L), and ligation
of the resolution nicks (H). Path 4, A3 B3 C3 D, the replication fork collapse model. The replication fork encounters an excision intermediate (B3 C) and
collapses (C3D) with subsequent repair of the single strand interruption in the template DNA (D). Path 5, A3 F3 J3O3 P, “the replication fork collapse at
daughter strand gaps” variation. B, UV radiation-induced chromosomal fragmentation is eliminated by prior block to replication initiation. Cells were grown at
28 °C until A600 reached 0.1 and shifted to 42 °C for 2 h before UV irradiation. UV irradiation doses were 24 J/m2 for Uvr� recBC(Ts) cells and 2 J/m2 for uvrA
recBC(Ts) double mutant cells. Here and in C, the lower UV irradiation dose for excision-deficient cells ensured higher fragmentation (see Fig. 3B). After UV
irradiation, incubation continued at 42 °C for an additional 2 h. In B and C, values are means of five independent measurements � S.E. Strains are as follows:
DnaA�, SK129; DnaA� uvrA, SRK315; dnaA(Ts), SRK309; dnaA(Ts) uvrA, SRK310. C, UV radiation-induced chromosomal fragmentation is decreased, but not
eliminated, by concurrent block to replication initiation. Cells were grown at 28 °C until A600 reached 0.3, UV-irradiated, and then incubated at 42 °C for 2 h. UV
irradiation doses and strains were as in B. D, a scheme explaining the findings. The chromosome is depicted as a circle (a single line stands for duplex DNA) with
UV lesions represented by small filled circles. Chromosomal fragmentation is (at least partially) independent of the lesion processing but completely depends
on the presence of replication forks, suggesting replication fork disintegration at DNA lesions as the fragmentation mechanism.
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stalling at or past the lesion with subsequent replication fork
regression, breakage via Holliday junction resolution, and liga-
tion of the resolution nicks. The fourth is the “replication fork
collapse” model (52, 53) according to which a replication fork
encounters an excision intermediate and comes apart (col-
lapses) with subsequent repair of the single strand interruption
in the template DNA (Fig. 2A, path 4). Finally, the fifth idea is
the “replication fork collapse at daughter strand gaps” model
(53) (Fig. 2A, path 5). Its distinction from othermodels is that it
requires significant DNA synthesis because it postulates that
replication forks of the next round collapse at the ssDNA gaps
opposite UV lesions left by the previous replication round. The
five different models of chromosomal fragmentation make dis-
tinct predictions about the role of DNA synthesis, excision
repair, and recombinational repair that we tested.
Only Replicating Chromosomes Fragment—Although UV

radiation-induced fragmentation was readily detectable in wild
type cells (Fig. 1, C and D), it was at background levels at mod-
erate UV irradiation doses, so we decided to begin by studying
its mechanisms in the recBC(Ts) background in which frag-
mentation levels are much higher. From this point onward, all
strains in this study are recBC(Ts) in case there is nomention of
this fact. First, it was important to knowwhether UV radiation-
induced chromosomal fragmentation is dependent on concur-
rent DNA replication. Pretreatment of cells with chloramphen-
icol and preincubation of dnaA(Ts) mutant cells at the
non-permissive temperature for 2 h before UV irradiation to
prevent new initiations of chromosomal replication both
blocked UV radiation-induced fragmentation completely (Fig.
2B and supplemental Fig. S1), indicating that the double strand
DNA breaks happen either at replication forks or in the newly
synthesized DNA. Thus, the “clustered excision” model (Fig.
2A, path 1) according to which chromosomal fragmentation is
induced by simultaneous excision of lesions from both strands
of the duplex in the same location does not explain the UV
radiation-induced fragmentation we observed in this work.
When we blocked initiation of new replication rounds only
afterUV irradiation, we observed a reduced fragmentation (Fig.
2C), suggesting that both the existing replication forks and the
new ones initiated after DNA damage contribute to fragmenta-
tion.We conclude that UV irradiation damage fragments chro-
mosomes via replication forks (Fig. 2D) for example after rep-
lication forks run into UV lesions or intermediates of their
excision or at daughter strand gaps that were left behind (Fig.
2A).
There are total of four models that explain how DNA lesions

can break chromosomes via disintegration of replication forks
or at daughter strand gaps. Of the four models, the daughter
strand gap instability idea (Fig. 2A, path 2) and the replication
fork collapse idea (Fig. 2A, path 4) both predict that fragmen-
tation is dependent on the concurrent excision repair and will
be inhibited if excision of UV lesions is inactivated. At the same
time, the replication fork regression/breakage idea (Fig. 2A,
path 3) and replication fork collapse at daughter strand gap idea
(Fig. 2A, path 5) both predict that fragmentation is independent
of excision repair and should be in fact stimulated by its inacti-
vation due to more frequent replication fork encounters with
unrepaired UV lesions or their consequences (daughter strand

gaps). When we irradiated a uvrA mutant with 36 J/m2 UV
irradiation, the level of chromosomal fragmentation was
reduced at least 3-fold compared with the UvrA� strain (Fig. 1,
A and B) (as expected, there were no survivors at this dose in
uvrA mutant (Fig. 1E)). The reduced fragmentation was still
dependent on the concurrent DNA replication as the experi-
ments with chloramphenicol treatment (supplemental Fig. S1)
and in the �uvrA dnaA(Ts) at the non-permissive temperature
(Fig. 2, B and C) demonstrated. At face value, such a reduction
suggested that the fragmentation in excision-proficient cells
has a complex nature with most of it dependent on excision of
UV lesions but some of it independent of excision.
Fragmentation Is Independent of Excision and Coincides with

Resumption of Replication—We tested the complex nature of
UV radiation-induced fragmentation by determining its onset
in excision repair-proficient versus excision-deficient cells. The
daughter strand gap instability model (Fig. 2A, path 2) and the
replication fork collapse model (Fig. 2A, path 4) both predict
that fragmentation should happen early after UV irradiation
and coincide with inhibition of DNA synthesis, the former
because daughter strand gaps should form right away and
should be accessible to excision repair, and the latter because
the fragmentation is a direct result of replication forks running
into excision intermediates. These single stage models both
predict no fragmentation in excision-deficient cells. In con-
trast, the replication fork regression/breakage idea (Fig. 2A,
path 3) and replication fork collapse at daughter strand gap idea
(Fig. 2A, path 5) both predict that chromosomal fragmentation
as a multistage process should take some time to develop and
should coincide with restoration of replication at the forks that
avoided breakage. In contrast to the single stage models, these
multistage models also predict fragmentation to be independ-
ent of excision. Based on these predictions and on results in Fig.
1B, we expected that the bulk of the chromosomal fragmenta-
tion in excision-proficient cells would happen early and would
coincidewith inhibition of DNA synthesis, whereas a small part
would be delayed, coinciding with both the restoration of DNA
synthesis and the residual chromosomal fragmentation in the
excision-deficient cells.
To accurately determine the timing of replication restart in

both excision repair-proficient and -deficient strains, we had to
lower the dose of UV irradiation because 36 J/m2 UV irradia-
tion severely inhibited DNA synthesis in both the recBC(Ts)
and in the recBC(Ts) uvrAmutants (Fig. 1F). To find an optimal
dose for both strains, we determined the dose response of chro-
mosomal fragmentation and found it to be (as expected) a
smooth saturating curve in the excision-proficient cells (Fig. 3,
A andB). Unexpectedly, in the excision-deficientmutant, chro-
mosomal fragmentation peaked around 20% at 2 J/m2 and then
decreased with higher doses (Fig. 3, A and B). Thus, fragmen-
tationwas in fact independent of excision, whereas the decrease
of fragmentation in the excision-deficient cells at 36 J/m2 was
the consequence of a high density of UV lesions. This finding
was inconsistent with both the daughter strand gap instability
model and the replication fork collapse model, which both
depend on excision.
Because of the different shapes of the two dose dependence

curves, there was a particular dose (4 J/m2) that caused similar
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levels of fragmentation in both excision-proficient and -defi-
cient cells (Fig. 3B) and even similar kinetics of fragmentation
(somewhat faster in excision-deficient cells) (Fig. 3,C andD), so
we used this low dose to determine the timing of replication
resumption. We found that replication resumes in the excision
repair-proficient cells around 30 min (Fig. 3E) and thus shortly
precedes or coincides with the first detectable chromosomal
fragmentation (Fig. 3D). In the excision-deficient cells, replica-
tion recovered only weakly after 4 J/m2 UV irradiation (recov-
ery is better after 2 J/m2) (Fig. 3E). The severe inhibition of
replication recovery but high fragmentation in excision-defi-
cient mutants indicates that restoration of replication and
chromosomal fragmentation are independent, if not compet-
ing, events. The independence of fragmentation of the replica-
tion restart is inconsistent with the idea of collapse at daughter
strand gaps, so the only mechanism still consistent with the
data is replication fork regression andbreakage (Fig. 3F) as elab-
orated further below.

Fate of BlockedReplication Forks—Resumption of replication
is severely affected in excision repair-deficientmutants,making
it possible that the residual replication afterUV irradiation (Fig.
3E) all comes from new initiations at the origin, whereas the
blocked replication forks are permanently disabled (13, 14). On
the other hand, it was proposed that when replication forks
encounter a UV lesion they restart downstream, leaving behind
daughter strand gaps (16). To test the idea of replication fork
restart at UV lesions, we sought to block initiations of new
replication rounds from the origin in UV-irradiated excision
repair-deficient cells, restricting post-UV irradiation replica-
tion to the forks present at the time of irradiation. Under these
conditions, any replication above background would indicate
restart at the forks originally blocked at the (non-removable)
UV lesions.
One way to block initiation of new replication rounds is to

shift the dnaA(Ts) mutants, which are defective in the origin
recognition protein, to the non-permissive temperature.With-

FIGURE 3. Replication forks first stall and then either restart or disintegrate. A, a representative pulsed field gel of the dose dependence of chromosomal
fragmentation in Uvr� (SK129) and uvrA mutant (SRK301) cells. CZ, compression zone. The UV irradiation dose is expressed in J/m2. Note that the higher the UV
irradiation dose, the more radioactivity is in the lane (both the well and the gel). This does not reflect UV radiation-induced replication; rather, it is a trivial
consequence of our protocol of preparation of genomic DNA in the plug that calls for a specific density of cell suspension. As a result, the better the culture
grows after labeling, the more it is diluted for genomic DNA preparation. B, quantification of the dose dependence of chromosomal fragmentation in Uvr� and
uvrA mutant cells from four independent experiments like that in A (means � S.E.). C, a representative pulsed field gel of the kinetics of chromosomal
fragmentation in Uvr� (SK129) and uvrA mutant (SRK301) cells irradiated with 4 J/m2 UV irradiation. CZ, compression zone. D, quantification of the kinetics of
chromosomal fragmentation in Uvr� and uvrA mutant cells from three independent experiments like that in C (means � S.E.). The unirradiated background is
subtracted in this case to help reveal the rise of fragmentation. E, the kinetics of DNA synthesis restart after 4 J/m2 delivered at time 0. Incorporation was for 1
min. Unirradiated cultures are shown in parallel. For the uvrA mutant, the resumption after 2 J/m2 is also shown. The values are means of three independent
measurements � S.E. The strains are as follows: Uvr�, SK129; uvrA mutant, SRK301. F, the only model still consistent with the results is the replication fork
stalling, reversal, and breakage model. Open circle, UV lesion. PD, pyrimidine dimer.
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out UV irradiation, such a shift resulted in the inhibition of the
replication rate to background levels within 1 h (Fig. 4A). Inter-
estingly, if uvrA dnaA(Ts) cells were UV-irradiated before the
shift to the non-permissive temperature, then theDNA synthe-
sis rate stabilized (Fig. 4A), suggesting that blocked replication
forks are capable of restart. This conclusion is not weakened by
the known stimulation of stable DNA replication in dnaA�

conditions by UV irradiation (12, 54) because such inducible
stableDNA replication is not observed in the recBC(Ts)mutant
at 42 °C (55).
Because replication resumption in excision-deficient cells

irradiated with 2 J/m2 was clearly detectable after 30 min
post-UV irradiation (Fig. 3E), we also blocked initiation of new
replication rounds with chloramphenicol added at 20 min
post-UV irradiation. This 20-min period after UV irradiation
should allow for SOS induction of any function required for
replication resumption (56). Again, in unirradiated cells, chlor-
amphenicol addition caused a gradual decrease in the replica-
tion rate consistent with prevention of new initiations (Fig. 4B,
compare “no UV” with “no UV �Chl” curves). Interestingly,
pre-UV irradiation of chloramphenicol-treated culture again
stabilized the replication rate (Fig. 4B, compare “2 J/m2” and “2
J/m2 �Chl” curves), suggesting a robust restart of replication
forks blocked at UV lesions. On the basis of our observations so
far, we conclude that replication forks first stall at UV lesions
and then either disintegrate or restart with neither process
being dependent on the ability to remove UV lesions by exci-
sion repair (Fig. 4C).
Fragmentation Depends on Homologous Strand Exchange—

As already mentioned above, the prominent late UV radiation-
induced fragmentation in the excision-deficient mutant com-
bined with minimal after-replication (at higher UV irradiation
doses) strongly distinguished between the four remainingmod-
els of DNA damage-induced fragmentation. The absence of
excision requirement for fragmentation rules out the daughter
strand gap instabilitymodel (Fig. 2A, path 2) and the replication

fork collapse model (Fig. 2A, path 4), whereas the replication
fork collapse at daughter strand gap idea (Fig. 2A, path 5) is
ruled out because there was no need for significant DNA syn-
thesis after UV irradiation. The only idea still consistent with
our results at this point was the replication fork regression/
breakage idea (Fig. 2A, path 3, and Fig. 3F), whichwe decided to
test further by challenging it to explain the peculiar inhibition
of fragmentation at higher densities of UV lesions in excision-
deficient mutants (Fig. 3B).
We interpreted this observation to mean that fragmentation

depends not only on the original encounter of the replisome
with a UV lesion but also on the probability of the second repli-
some stalling at the lesion in the complementary strand, which
in the case of the uvrA mutants will be a function of the UV
lesion density in the downstream template DNA.We reasoned
that the extent of replication past the lesion was critical for
subsequent fragmentation (Fig. 5A). If there is limited exten-
sion past the first lesion (comparable with the size of the repli-
some footprint; �50 bp), the amount of stable ssDNA is insuf-
ficient to allow RecA polymerization, there is no replication
fork regression, and chromosomal fragmentation is depressed
(Fig. 5A, scenario I). Significant continuation of replication on
the unblocked strand generates a substrate for recombinational
repair, a stable single-stranded DNA opposite an intact sister
duplex. RecA-catalyzed strand exchange with subsequent
branch migration in such a substrate reverses the replication
fork, turning it into a Holliday junction that can be resolved to
break the fork (Figs. 3F and 5A, scenario II). The prediction
then is thatUV radiation-induced chromosomal fragmentation
should be dependent on RecA. If the lesion in the opposite
strand is not encountered before the next Okazaki fragment is
initiated, the replication fork moves away, leaving behind a
daughter strand gap (Fig. 5A, scenario III). RecA polymeriza-
tion on the daughter strand gaps is efficiently promoted byRecF
(57), and no fragmentation follows. Thus, another prediction of
this reasoning linking fragmentation to a particular lesion den-

FIGURE 4. Replication restart from blocked forks. The rate of DNA synthesis was measured by incorporation for 5 min. Normalization was to the average
count of the corresponding unirradiated culture at time 0 min. A, replication restart at blocked forks in the dnaA(Ts) uvrA strain (recBC(Ts) dnaA uvrA, SRK310).
The cells were grown at 28 °C before UV irradiation but shifted to 42 °C (non-permissive for dnaA(Ts)) right after irradiation to block initiations of new replication
rounds from the origin. The values are means of four independent measurements �S.E. Background was the average of several measurements of the same cells
but treated with 500 �g/ml kanamycin. B, replication restart at blocked replication forks in the uvrA mutant cells (recBC(Ts) uvrA, SRK301). Irradiation, where
applied, was at time 0. At 20 min after irradiation, chloramphenicol was added to a 40 �g/ml final concentration to one-half of the culture to prevent initiations
of new replication rounds from the origin. The values are means of three independent measurements �S.E. C, explanation of the findings until this point. The
chromosome is depicted as a circle (a single line stands for duplex DNA) with UV lesions represented by small filled circles.
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sity is that fragmentation should be independent of RecF.
Because UV lesions are induced in DNA almost at random
(whenever there are side-by-side pyrimidines), the length of
DNA stretches between neighboring lesions follows an expo-
nential distribution similar to the distribution of restriction
fragment length in long genomes (58, 59). In general, although
scenario III will always predominate, it does not stall replication
forks and is therefore “invisible” in our analysis. Replication
fork stalling scenarios II and I are less frequent at low density of
UV lesions with scenario II predominating but will become

more frequent at higher density of UV lesions with scenario I
gradually reducing chromosomal fragmentation.
When we measured the dose dependence of UV radiation-

induced fragmentation in the recBC(Ts) recA double mutant,
we found an unusually high background (�18%) in the absence
of UV irradiation but no additional fragmentation over this
backgroundwith UV irradiation doses from 2 to 24 J/m2 (Fig. 5,
B andC). Thus, UV radiation-induced fragmentation at least in
this range of doses is indeed completely dependent on the
RecA-catalyzed strand exchange. This RecA dependence of UV

FIGURE 5. UV radiation-induced fragmentation in recA and recF mutants. A, a scheme describing a hypothetical dependence of the fragmentation
outcome on the density of UV lesions. RF, replication fork. UV lesions are shown as small open circles. For the sake of clarity, their density is shown constant in
time as in the uvrA mutants (no excision), although the same logic equally applies to excision-proficient conditions. The three scenarios start exactly the same;
the only difference between them is the density of UV lesions, which is highest in scenario I and lowest in scenario III. B, a representative pulsed field gel of the
dose dependence of chromosomal fragmentation in the recA mutant (SRK311) and the recF mutant (SRK312) cells. C, quantification of the dose dependence
of chromosomal fragmentation in RecAF� and the recA and recF mutant cells from four or five independent experiments like that in A (means � S.E.). D, the UV
irradiation survival curves of the recBC(Ts) mutant and its recA (SRK311), recF (SRK312), and ruvABC (SRK302) derivatives. In D and E, the values are means of three
independent measurements � S.E. E, the effect of the recA and recF mutations on the resumption of DNA synthesis after 2 J/m2 UV irradiation. Incorporation
was for 1 min.
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radiation-induced fragmentation creates a paradox because the
recA mutants are exquisitely sensitive to UV irradiation (Fig.
5D) and are inhibited for post-UV irradiation DNA synthesis
(Fig. 5E), indicating that UV radiation-induced chromosomal
fragmentation is (or at least reflects) the cellular repair pathway
to restart the stalled replication forks and save the cells. In addi-
tion, the inability of the recA mutant to restart blocked forks
does not automatically translate into a higher chromosomal
fragmentation, indicating that it is the RecA processing of
stalled forks that makes possible the subsequent decision to
either restart or break the forks.
The dose dependence of UV radiation-induced fragmenta-

tion in the recBC(Ts) recF double mutant showed a more com-
plex pattern (Fig. 5,B andC). Although the backgroundwithout
UV irradiation was equally high, there was up to 8% UV radia-
tion-induced fragmentation, but the peak of it was at the lowest
dose (2 J/m2), decreasing to about half this amount at higher
doses. In fact, the fragmentation increase from 0 to 2 J/m2 was
the same for RecF� and recFmutant strains (Fig. 5C). Thus, UV
radiation-induced fragmentation appears only partially
dependent on RecF and only at higher UV irradiation doses,
suggesting that the fragmentation may be in fact completely
independent of RecF, but the lack of another factor that
depends on RecF and at the same time promotes fragmentation
at higher doses limits the overall fragmentation in the recF
mutants. Again, this factor may have been the extent of DNA
replication past the blocking lesion. Although in the uvrA
mutants this extent is limited physically by the next lesion, in
the recF mutant, this extent may be limited by a defect in the
replisome release (reactivation) from the blocking lesion (57).
The resumption of DNA replication after 2 J/m2UV irradiation
in the recFmutants was severely inhibited (Fig. 5E) as reported
before (10, 11), which could explain the peculiar dose depend-
ence of UV radiation-induced fragmentation of the recF
mutant. We conclude that UV radiation-induced fragmenta-
tion completely depends on the RecA-catalyzed homologous
strand exchange but is mechanistically distinct from the RecF-
catalyzed RecA polymerization at daughter strand gaps behind
the replication fork (which are also important for UV irradia-
tion survival (Fig. 5D)).
Role of Holliday Junction Resolution—Our findings aboutUV

radiation-induced chromosomal fragmentation in recBC
mutants, namely 1) the stimulation of fragmentation by inacti-
vation of excision repair (Fig. 3B), 2) the significant lag preced-
ing fragmentation (Fig. 3D), 3) the concurrence with resump-
tion of DNA synthesis (Fig. 3, D versus E) but independence of
post-UV DNA synthesis, and 4) the dependence on RecA-cat-
alyzed homologous strand exchange, were all consistent with
the replication fork reversal/breakage model (Fig. 3F). As the
definitive genetic test, we inquired whether a defect in the Hol-
liday junction resolvasome, RuvABC, would block chromo-
somal fragmentation as predicted by this model (Fig. 5A). We
determined the dose dependence of UV radiation-induced
fragmentation in both excision-proficient and -deficient cells
carrying an additional ruvABC defect. We found that in both
cases UV radiation-induced chromosomal fragmentation after
2 h in growth conditions is completely dependent on RuvABC
(Fig. 6A,C, andD). At the same time, replication resumed in the

ruvABCmutant at an even faster rate andmore strongly than in
the Ruv� cells (Fig. 6B), again suggesting that resumption com-
peteswith fragmentation. This result strongly supports the rep-
lication fork reversal/breakagemodel to describeUV radiation-
induced chromosomal fragmentation. Paradoxically and as in
the case of the recAmutants above, the UV irradiation sensitiv-
ity of ruvmutants (Ref. 60 and Fig. 5D) indicates that breaking
replication forks is the repair pathway to rescue stalled replica-
tion in UV-irradiated cells.
RuvAB can function separately from RuvC as a Holliday

junction translocase (61). We noticed that there is a specific
version of the replication fork collapse model in excision-pro-
ficient cells that is dependent on the RuvAB-catalyzed translo-
cation of Holliday junctions but independent of the RuvC-cat-
alyzed resolution. According to this model, Holliday junctions
at reversed replication forks could be “resolved” by RuvAB
pushing themback into the excision intermediates of UV lesion
removal (Fig. 6E). Because in the previous experiment we used
a triple �ruvABC deletion mutant, this unique model was not
specifically tested. To test this model, we used either �ruvC
single gene deletion (using �ruvA single deletion as a control)
or complemented the triple �ruvABC deletion with a plasmid
carrying only ruvAB� genes so the strain would remain a ruvC
mutant. The results were still unequivocal: there was no chro-
mosomal fragmentation after UV irradiation in the ruvC
mutants (Fig. 6F and supplemental Fig. S2), meaning that the
Holliday junction cleavage by RuvC is specifically required for
UV radiation-induced chromosomal fragmentation.
Role of RecG Helicase—It was proposed on the basis of

genetic and biochemical data that the RecG helicase plays a
major role in handling replication forks stalled at UV lesions
(62). These proposals imagined RecG driving both the fork
transformation into Holliday junctions (reversal) and subse-
quent branchmigration of the Holliday junctions to restore the
replication forks (resetting) (62), making it hard to predict what
effect a recGdefectwould have onRuvABC-promoted chromo-
somal fragmentation (Fig. 7A). If RecG mostly catalyzes rever-
sal, the recG defect should decrease fragmentation, whereas if
RecG mostly catalyzes resetting, then the recG defect should
lead to accumulation of Holliday junctions and to a higher frag-
mentation. We found that the recG mutation does not change
the overall shape andpower of the dose-response curvewith the
exception of the statistically significant elevation of fragmenta-
tion at the dose of 2 J/m2 (Fig. 7, B and C). Interestingly,
although this fragmentation in recGmutants is still completely
dependent on Ruv, the level of fragmentation in the recG ruv
double mutant was consistently 2 times higher than the low
fragmentation in ruv single mutants (Fig. 7C), confirming the
overall impression of the mild fragmentation elevation in the
recG mutants. The replication restart after 2 J/m2 UV irradia-
tion was the same in RecG� cells versus recGmutants (Fig. 7D).
We conclude that the recG defect does not influence the restart
after UV irradiation and has only amild increasing effect onUV
radiation-induced fragmentation and only at lowdoses,making
it unlikely that RecG plays a major role in processing of repli-
cation forks stalled at UV lesions.
Location ofHolliday Junctions—Our demonstration of a con-

tinuous post-UV irradiation replication in uvrA mutants with
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blocked initiations from the origin (Fig. 4) confirmed restart of
blocked replication forks and suggested formation of daughter
strand gaps whose subsequent RecF-dependent repair should
generateHolliday junctions behind replication forks. SuchHol-
liday junctions, which will remain unresolved in ruv mutants,
would suppress chromosomal fragmentation by trapping the
subchromosomal fragments together with the rest of the chro-
mosome in unresolved intermediates of daughter strand gap
repair (Fig. 8A). We blocked formation of Holliday junctions
behind replication forks by using the recF single mutants and
asked whether the recF defect would suppress the dependence
of chromosomal fragmentation on RuvC. We also asked
whether the dependence of chromosomal fragmentation on
RuvC could be suppressed by the recA defect. Both the recF and
the recAmutations appeared to suppress the lack of UV radia-
tion-induced chromosomal fragmentation in the ruvCmutant
(Fig. 8B); however, careful quantification of this fragmentation
revealed no UV radiation-dependent increase in either mutant

(Fig. 8C). The dependence of the chromosomal fragmentation
in the recF mutants on Holliday junction resolution strongly
argues that Holliday junctions do form at stalled replication
forks, and their resolution breaks the chromosome. However,
resumption of blocked replication forks without breakage is an
alternative pathway also catalyzed by RecA (Fig. 8D). Overall,
we conclude that the various characteristics of UV radiation-
induced chromosomal fragmentation at least in the lower range
of UV irradiation doses and after long incubation in growth
conditions in the absence of linear DNA degradation fully sup-
port the model of reversal and subsequent breakage of blocked
replication forks due to Holliday junction resolution (Fig. 3F),
whereas they are inconsistent with the four other models of
DNA damage-induced chromosomal fragmentation.

DISCUSSION

Excision repair of DNA lesions is known in detail (9), but the
consequences of replication forks encountering one-strand

FIGURE 6. UV radiation-induced chromosomal fragmentation depends on RuvABC resolvasome and specifically on RuvC resolvase. A, a representative
pulsed field gel showing the dose response of the chromosomal fragmentation in Ruv� cells versus �ruvABC cells (both Uvr� and uvrA mutant). CZ, compres-
sion zone. The UV irradiation dose is expressed in J/m2. B, the effect of the ruvABC mutation on the restart of DNA synthesis after UV irradiation revealed as the
normalized rate of DNA synthesis. Incorporation was for 1 min. Normalization was to the average count of the corresponding unirradiated culture at time 0 min.
The curves of the Ruv� strain are (the normalized curves) from Fig. 3E. The values are means of three independent measurements � S.E. C, quantification of the
dose dependence of chromosomal fragmentation in Ruv� (SK129) and �ruvABC mutant (SRK302) cells from three independent experiments like that in A
(means � S.E.). “Control” means that cells were processed immediately after UV irradiation in contrast to the experiment in which cells were processed after 2 h
at 37 °C in growth medium. D, quantification of the dose dependence of chromosomal fragmentation in uvrA mutant (SRK301) and in its �ruvABC derivative
(SRK303) from three independent experiments like that in A (means � S.E.). Conditions are the same as in C. E, a scheme of nucleotide excision repair
(NER)-dependent, RuvAB-dependent, but RuvC-independent, replication fork collapse. F, complementation with the RuvABC� plasmid restores UV radiation-
dependent chromosomal fragmentation in the �ruvABC mutant, but complementation with the RuvAB� (RuvC�) plasmid does not.
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DNA lesions, including formation of double strand breaks,
continue to present experimental challenges because of their
intrinsic complexity and fleeting nature due to efficient
repair. We inactivate double strand end processing in E. coli
by using the recBCmutants, stabilizing fragmented chromo-
somes in time. Our study of the mechanism of UV radiation-
induced chromosomal fragmentation in the recBC mutants
shows that this fragmentation 1) depends on the presence of
replication forks in the chromosome and in fact is concur-
rent with resumption of UV radiation-inhibited DNA syn-
thesis; 2) at very low UV irradiation doses is stimulated by
inactivation of excision repair and is not influenced by inac-
tivation of daughter strand gap repair; 3) absolutely depends
on RecA, which catalyzes homologous strand exchange; 4)
absolutely depends on the RuvABC resolvasome and specif-

ically on the Holliday junction resolvase RuvC; 5) remains
RuvC-dependent in the absence of RecF-catalyzed daughter
strand gap repair (the latter generates Holliday junctions
behind forks), suggesting that Holliday junctions, whose res-
olution fragments the chromosome, are generated at the
forks. We conclude that UV irradiation induces significant
chromosomal fragmentation in E. coli that in wild type cells
is masked by efficient double strand break processing, and
the mechanism of this fragmentation is consistent with the
“breakage of regressed replication fork” model (Figs. 2A,
path 3, and 3F). It should be noted, however, that our con-
clusion that replication fork breakage is the major, if not the
only, mechanism of chromosomal fragmentation under our
experimental conditions does not exclude the possibility
that other mechanisms operate under different conditions.

FIGURE 7. Effect of recG inactivation. A, a scheme of how RecG can possibly act at a replication fork stalled at a UV lesion. One possibility is regression of the
stalled replication fork, turning it into a Holliday junction. The other possibility is branch migration of the Holliday junction to regenerate the replication fork
(note that the originally blocking lesion is now “bridged over,” and the replication fork is no longer blocked). B, a representative pulsed field gel showing the
dose response of the chromosomal fragmentation in recG mutants either in combination with Ruv� or �ruvABC alleles. CZ, compression zone. The UV
irradiation dose is expressed in J/m2. C, quantification of the dose dependence of chromosomal fragmentation in RecG� Ruv� (SK129), recG mutant (SRK316),
�ruvABC mutant (SRK302), and double recG ruv mutant (SRK317) cells from three independent experiments like that in B (means � S.E.). D, the kinetics of DNA
synthesis restart in recG mutant and RecG� cells after 2 J/m2 delivered at time 0. Incorporation was for 1 min. Normalization was to the average count of the
corresponding unirradiated culture at time 0 min. Unirradiated cultures are shown as controls. Note the difference between the left and right y axes: even
without UV irradiation, DNA synthesis in the recG mutant is 25% lower than in the RecG� cells. The values are means of three independent measurements �
S.E. The strains are as follows: RecG�, SK129; recG mutant, SRK316.
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By its RecA/RuvABC dependence, but RecF independence,
UV radiation-induced chromosomal fragmentation mirrors
chromosomal fragmentation induced by malfunctioning of the
replicative helicase DnaB (63). Interestingly, a recent demon-
stration that branch migration at Holliday junctions in vitro is
promoted by repeated RecA polymerization at a partially sin-
gle-stranded arm of such a junction (64) suggests a possibility
that in vivo a blocked replication fork regresses spontaneously
to produce an ss-tail, whereas subsequent RecA polymerization
on this tail converts the partially regressed replication fork into
a Holliday junction. Our data cannot tell whether RecA cata-
lyzes strand exchange and replication fork reversal to produce
Holliday junction or simply polymerizes on the ss-tail and pro-
motes branch migration to achieve the same result.
Significance of Findings—The mechanisms of chromosomal

damage formation and repair are highly relevant to both human
health and basic chromosomal metabolism. Specifically, both
UV irradiation and endogenous chromosomal fragmentation
induce genetic instability, suggesting thatUV irradiation causes
chromosomal fragmentation, but the conditions for generation

of these double strand breaks as well as their biological rele-
vance are not clear. On the other hand, there are reports (con-
firmed in this study) that high doses of UV irradiation (survival,
1% or less) in wild type cells do induce chromosomal fragmen-
tation, which is completely dependent on excision repair, both
inE. coli (18, 19) and inmammalian cells (65). The classic expla-
nation of this fragmentation is the clustered excision model
that envisions simultaneous excision of nearby lesions from
opposite DNA strands (17, 18) (Fig. 2A, path 1). A conceptually
related explanation is the “instability of daughter strand gaps”
idea (Fig. 2A, path 2). Although confirmed for base excision
repair, especially for DNA uracil excision (66, 67), these two
models lack support for UV lesions because there is no pub-
lished evidence that the nucleotide excision repair can recog-
nize UV lesions in ssDNA as demanded by thesemodels. Alter-
natively, there are three more models of UV radiation-induced
chromosomal fragmentation linking it to replication fork
encounters withDNA lesions (Fig. 2A, paths 3–5). Importantly,
none of the five ideas have ever been tested. At the same time, it
is widely assumed that sublethal doses of UV irradiation do not

FIGURE 8. RuvC is still required for chromosomal fragmentation even when recombination behind replication forks is blocked. A, a scheme of how
unresolved Holliday junctions behind replication forks prevent release of the subchromosomal fragments even if replication forks disintegrate independently
of Holliday junction (HJ) resolution. NER, nucleotide excision repair. Filled circles, UV lesions; empty circles, UV lesions whose excision repair will trigger
RecAF-promoted strand exchange. B, a representative pulsed field gel showing the dose response of chromosomal fragmentation in ruvC (SRK308), ruvC recA
(SRK313), and ruvC recF (SRK314) mutants. CZ, compression zone. C, quantification of the dose dependence of chromosomal fragmentation in recA (SRK311),
recA ruvC (SRK313), recF (SRK312), and recF ruvC (SRK314) mutants. The values are means of four independent measurements � S.E. D, the overall conclusion:
both replication fork restart and disintegration require RecA, only disintegration requires RuvABC, and only restart requires RecF.
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break DNA. We show in this work that this apparent absence of
UV radiation-induced fragmentation at low doses is a result of
efficient double strand break processing by RecBCD enzyme.We
also rule out all but one existing model as an explanation for UV
radiation-inducedchromosomal fragmentation in recBCmutants.
Two features of our experimental system are critical for the

high sensitivity of detection of the fragmented chromosomes.
Chromosomal fragmentation generates subchromosomal frag-
ments, which are sometimes hard to distinguish frommultiple,
intact linear chromosomes in eukaryotic cells but are cleanly
separated from the circular bacterial chromosomes by pulsed
field gel electrophoresis, the procedure that keeps circular
chromosomes in the wells (39). The other feature is our ability
to specifically inactivate double strand break processing with a
single mutation, recBC, which unmasks chromosomal frag-
mentation induced by very lowdoses ofDNA-damaging agents.
In addition to repair, another factor lowers fragmentation in
the wild type cells: once the subchromosomal fragment is
attached by one of its ends to the circular chromosome (or even
to another linear fragment), it becomes invisible in our analysis.
In other words, our chromosomal fragmentation values, espe-
cially for double strand break repair-proficient cells, are under-
estimations by a factor of at least 2. To paraphrase, when look-
ing at the uncut chromosomes, we can only detect pairs of
double strand ends, and we miss single ends (for example, the
tails of � replication structures). One way to detect all double
strand ends (in a specific chromosomal segment) is to cut the
chromosome with rare cutter restrictases, such as NotI, as we
did before (68), and reveal the resulting subfragmental smear by
a probe to this entire fragment.
One should keep in mind, however, that RecBCD also sup-

presses chromosomal fragmentation in some experimental sys-
tems (36), and therefore its inactivationmay elevate the level of
fragmentation artificially. The relative contribution of this sup-
pression pathway to keeping chromosomal DNA “unfrag-
mented” is still unknown, however, because the repair pathway
is so efficient. At the least, comparison of the shapes of dose
dependence curves of the recBCmutant versus the recDmutant
(Fig. 1D versus 3B) suggests that the reduction in chromosomal
fragmentation due to the double strand break prevention path-
way can only be minor. However, it is not even important for
our argument whether the double strand DNA ends are pro-
cessed via prior degradation or via subsequent repair as long as
such ends are formed. In fact, the way the double strand ends
are processed in E. coli depends on the extent of DNA damage
as high doses of DNA damage turnWT E. coli into ExoV� phe-
nocopies (44–46). Thus, at low doses of UV irradiation dam-
age, the ends are first significantly degraded and only then
repaired, whereas at high doses, the ends may just be repaired,
whereas some of the ends are even left unrepaired as we appar-
ently observed in WT and recD mutant cells irradiated with
high doses of UV irradiation.
Finally, in eukaryotes and archaea, there is no such powerful

linear DNA degradation activity, so using recBC mutants in
E. coli makes our studies of chromosomal fragmentation
broadly relevant to all kingdoms. What is important is that UV
radiation-inhibited replication forks are processed to generate
substrates for RecBCD, which are therefore double strand ends

of linear subchromosomal fragments. Whether or not these
subchromosomal fragments are still attached to the circular
chromosome viaHolliday junctions (similar towhat is drawn in
Fig. 7A) is of lesser importance at this point and will be
addressed later.
RecA (but Not RecF) Dependence of Fragmentation Suggests

Direct RecA Loading by Replisome—RecA protein, the central
activity of recombinational repair, forms a spiral filament on
ssDNA to find, homologously align, and catalyze strand
exchange with an intact sister duplex. This homologous strand
exchange generates an intermediate characterized by DNA
junctions to facilitate recombinational repair of chromosomal
lesions, such as daughter strand gaps and double strand breaks
(57). By itself, RecA does not recognize chromosomal lesions
and requires licensing factors that target it to specific DNA
structures in need of recombinational repair (for a review, see
Ref. 69). The twomajor classes of chromosomal lesions that are
mended by recombinational repair in E. coli are double strand
ends and daughter strand gaps (for a review, see Ref. 57). The
recognition/licensing factor for double strand ends is the
RecBCDhelicase/nuclease, whereas for daughter strand gaps, it
is the RecFOR complex (57, 69). The fact that UV radiation-
induced fragmentation is stimulated by the recBC defect and is
independent of the recF defect while still being completely
dependent on RecA suggests the existence of yet another path-
way to license RecA polymerization. This hypothetical licens-
ing factor should operate at stalled replication forks and may
well be a component of the replisome itself. Interestingly, the �
subunit of DNA polymerase III, the DnaQ proofreading
nuclease, was recently found to be required for SOS induction
by nalidixic acid (70). Nalidixic acid stalls replication forks (71)
while the SOS response can be taken as an indirect, but sensi-
tive, measure of in vivo RecA polymerization triggered by vari-
ous DNA lesions that interfere with replication (57). We spec-
ulate that DnaQ might be the RecA licensing factor of the
stalled replisome.
Fragmentation, Replication Fork Repair, and Genetic Death—

The complete dependence of UV radiation-induced fragmen-
tation on RecA in our experimental system, although predicted
by the replication fork breakage model, is surprising in two
different ways. First, it appears to contradict the known obser-
vation of “reckless DNA degradation” after UV irradiation in
recAmutants catalyzed by the RecBCD enzyme (72) and there-
fore indicative of the formation of double strand ends, the only
starting point of RecBCD-catalyzed DNA degradation (73, 74).
The absence of this degradation in the recA recBC triplemutant
was taken to mean that chromosomes still fragment, but the
linear DNA degradation activity is absent. Our reports of no
fragmentation in the recA recBC triplemutant provide an alter-
native explanation for the absence of DNA degradation after
UV irradiation: in the recA mutant conditions, chromosomal
fragmentation somehow depends on RecBCD enzyme. This
discrepancy needs to be resolved.
Second, the RecA dependence of UV radiation-induced frag-

mentation also means that production of a double strand DNA
ends via replication fork reversal is the only way for the cell to
restart blocked replication forks and thus survive. A similar
paradoxical situation was described by Michel and co-workers
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(75) in the dnaE(Ts) and dnaN(Ts) mutants at semipermissive
temperature where increased fragmentation due to additional
mutations was associated with a better viability. Recently, Long
and Kreuzer (76, 77) reported that regression and breakage are
used to reset stalled forks during bacteriophage T4 replication,
so this turn of events may not be so paradoxical after all. DNA
damage in general and UV irradiation in particular cause can-
cerous transformation through induction of genetic instability
(7, 8, 29, 30); our results make it clear that at least in the case of
UV irradiation amajor contributor to this instability is chromo-
somal fragmentation (or at the least production of double
strand DNA ends) catalyzed by the cell itself in response to
blocked replication forks.
From the logic of the scheme in Fig. 5A, no dramatic measures

like chromosome fragmentation are needed when only one of the
two nascent DNA strands is blocked. Indeed, in scenario III, a
daughter strand gap is formed by reinitiation downstream of the
blocking lesion, the blocked replisome is reactivated (by RecA
polymerization), and the replication fork moves away while the
daughter strand gap is repaired via theRecFORpathway (57). Sce-
narios I and II are different in that both nascent strands are
blocked. In scenario II, the distance between the two blocking
lesionsallows formationof a sufficiently long (several turns?)RecA
filament that then catalyzes strand exchange to effect the fork
regression with subsequent breakage. The fork is then reassem-
bled by the RecBCD pathway of recombinational repair and
restarted (57). The assumption is that the original blocking UV
lesions are by that time removed by excision. In scenario I, the two
strands are blocked almost opposite each other (for example, the
DNAstretchbetween themismostly coveredby the replisome), so
there may be no efficient mechanism to drive fork regression in
this case. Such a non-regressible fork may be irreversibly inacti-
vated (as was suggested before (13, 14)).
Remarkably, an irreversible inactivation of a replication fork

will translate into inactivation of the entire chromosome and, if
this is the only chromosome in the cell, into genetic death (the
inability to divide) of the cell. We wonder whether this hypo-
thetical mechanism of genetic death is behind the well known
but still unexplained observation that any type of repairable
DNA damage if delivered in sufficient density will kill fully
repair-proficient replicating cells long before their capacity to
completely remove the induced lesions (or even their conse-
quences) is saturated. Specifically, the LD37 of UV irradiation in
our conditions is reached around 30 J/m2, which translates into
�900 pyrimidine dimers per genome equivalent (16), the
amount that from the published kinetics of nucleotide excision
repair (12, 78) will be mostly removed within 1 h. However,
instead of restarting replication forks after 1 h when almost no
pyrimidine dimers remain in the DNA, two-thirds of the cells
die. The nature of irreversible replication fork inactivation as
well as characterization of chromosome fragmentation in wild
type cells awaits future experimentation.
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